Abstract: Based on a novel phase-sieve method by in-plane interference processes, a well-designed nonperiodic nanogroove array on gold surface is proposed as a multifunctional and multi-output plasmonic meta-element (MPM) for surface plasmon polariton waves. An MPM functions as a plasmonic lens (PL) as well as a plasmonic array illuminator (PAI), and another MPM acts as two PLs with an intersection angle of π/4 are fabricated and validated by leakage radiation microscopy measurements. Our proposed scheme with implemented functionalities could promote potential applications in high density integrated optical circuits. 
Introduction
The aggressive pursuit of ever-increasing high levels of integration on optical circuits has been a hallmark of the industry and the academe. Unfortunately, the minimum lateral size of dielectric photonic components is limited to about half a wavelength of light by the fundamental laws of diffraction [1] . New opportunities for confining light to rather small dimensions are provided by utilizing surface plasmon polaritons (SPPs), which are hybrid modes of photons and electronic charge-density oscillations at a metal/dielectric interface [2] [3] [4] . Various planar plasmonic devices have been successfully fabricated to control the propagation of plasmonic fields because of their unique two-dimensional (2D) confinement of electromagnetic field at the metal surface. These devices include plasmonic lenses [5] [6] [7] , waveguides [8] [9] [10] , reflectors [10] [11] [12] , interferometers [13, 14] , metasurfaces [15] and so on. To date, most of these devices are single-functional elements; thus, a new class of multifunctional plasmonic devices, which could be a key ingredient in achieving compact and high-speed optical system, must be developed. More recently, spatially-defined phase modulation methods for manipulating SPP propagations from a nonperiodic array were carried out and have achieved great success [16] [17] [18] [19] . However, these approaches all have a common severe limitation, in which the SPP wavefront emerging in a specific direction is designed to target a single particular application. Thereafter, a question arises about the use of a nonperiodic array to mold SPP wavefront in multiple directions for multifunction/multioutput purpose. If this case is possible, what kind of wavefront could be constructed?
In this study, we propose a multifunctional and multi-output plasmonic meta-element (MPM) on gold films, which can control SPP wavefronts in two or four predefined directions with different functions. The MPMs were composed of uniform subwavelength grooves on the metal surface, the positions of which were determined via a novel phase-sieve method. Two MPMs were fabricated and validated. One functioned as a vertically oriented plasmonic lens (PL) as well as a horizontally oriented plasmonic array illuminator (PAI) and the other functioned as two PLs with an intersection angle of π/4. As such, multichannel and multifunction manipulations of SPPs can be directly achieved in a single component by using these devices.
Principle
The schematic of an MPM is shown in Fig. 1(a) . A typical MPM is a set of subwavelength grooves on a gold film with a substrate, of which positions and sizes are carefully designed via a newly developed phase-sieve method that will be presented later. When the MPM is illuminated from the air side, the excited SPPs at the grooves are launched in the ± x and ± y directions depending on the polarization of the incident light and subsequently propagate to form the desired field patterns in the 2D plane of the metal/air interface, thereby making the MPM a multi-output device. To design an MPM, the whole area of the MPM is pixelated into a rectangular grid of M × N regular rectangular cells, as shown in Fig. 1(b) . The position of the center of the rectangle (m, n) is written as r m,n = ma 1 a 1 + na 2 a 2 , where a i (i = 1, 2) is the primitive lattice vector basis (a 1 and a 2 along the + x and + y directions, respectively), a i is the lattice period, m and n are the column and row indexes, respectively. A portion of the cells is selected and fabricated into the same-sized grooves by using a focus ion beam milling system. When the MPM is normally illuminated with a plane wave, every point on the grooves functions as a point dipole source of SPPs (with an infinitesimal area of dS and a location of r s ) that radiates with the same initial phase. According to the Huygens-Fresnel principle, the resulting electric field of the SPPs can be obtained by adding up the contributions from all the point sources within the grooves. The electric field at point r that originates from groove (m, n) is expressed in the complex phasor form when |r-r m,n | is larger than several SPP wavelengths [20] :
where A(r s ) is the field amplitude of the SPP point source, k SPP is the propagation constant of the SPPs at the air/gold interface, k z is the wave vector along the z direction, and φ s is the azimuthal angle between the polarization direction of the incident beam and the vector r-r s as defined in Fig. 1(b) . The integration is over the whole groove area. Since the physical process of coupling free-space light to SPPs is not included in the model of dipole source of SPPs, therefore the limitation of Eq. (1) is that it is inapplicable to deal with any problems related to the coupling efficiency and phase. As a result, it would be mandatory to resort to full-wave simulations when the coupling effect should be considered. The total electric field at r is the sum of the contributions of all individual grooves:
where T m,n is the transmission coefficient accounting for the scattering loss that the SPPs experience by crossing over other grooves. For simplicity, we assume
, where t is the transmission over a single groove and p m,n is the number of the grooves to cross. Note that the resultant SPP intensity distribution given in Eqs. (1) and (2) depends on the polarization of the incident light as well as the positions of the grooves. Hence, the question of manipulating SPP wavefronts in multiple directions becomes that of identifying the groove positions to simultaneously satisfy the prescribed field patterns in different directions. For an MPM of M × N rectangles, 2 M × N groove position combinations are possible. In principle, a numerical method, e.g., simulated annealing algorithm, would be valid for such a global optimization problem. In this paper, a simple and feasible design algorithm named phase-sieve method, which is free of intricate numerical calculations, is used and developed as follows: i) A collection of grooves is chosen to generate the designed wavefront propagating in the fixed direction according to the designed function. The position indexes of the grooves is composed of a set {(m, n)} 1 .
ii) The second set of grooves {(m, n)} 2 is chosen to implement the second function in another direction. iii) The groove set {(m, n)} of the MPM is then derived by the intersection {(m, n)} 1 ∩{(m, n)} 2 . The "intersection" operation is defined to generate a groove set which is formed of elements that belong to both {(m, n)} 1 and {(m, n)} 2 . 
MPM functions as a PL and a PAI
To demonstrate this method, we initially implemented an MPM that functions as a PAI along the x-direction and a PL along the y-direction in the working wavelengths λ 0 = 830 and 873 nm (SPP wavelength λ SPP = 814 and 858 nm), respectively. In general, a 1 and a 2 should be 0.5λ SPP to obtain a high coupling efficiency [21] . The designed MPM has a rectangle grid (M × N = 61 × 61) with a 1 = 410 and a 2 = 429 nm, thereby making the total pattern size to be 25 µm × 26 µm. The reason that a 1 is not equal to 0.5λ SPP will be discussed later.
Design method
To determine the groove set {(m, n)} 1 of the PL, the grooves in the nth row (n = 0, ± 1, ± 2,…, ± (N-1)/2) are arranged to contribute to a focal spot at R n = (0, f n ), where f n should be larger than (N-1)a 2 /2 to keep the focus outside the MPM area. When illuminated by a ypolarized beam the selected {(m, n)} 1 should satisfy Eq. (3) to ensure the launched SPPs from the nth row could constructively interfere at R n ,
where l = 0, 1, 2,…, and ε = 0 or 1 for n that is odd or even, respectively, r m,n ± 0.5a 1 a 1 are the midpoints of the lateral sides of the groove (m, n) and d n = f n -na 2 is the distance from R n to the nth row. Equation (3) indicates that the grooves in each row form a Fresnel zone plate-like structure with a focal length d n . Besides (0, f n ), another focus exists at (0, 2na 2 -f n ) for each row because of symmetry. In general, we define two types of PLs depending on f n : monofocal PLs and bifocal PLs. In the former case, f n is maintained constant, i.e., f n = f. Since the period of the grid along the y axis is a 2 = 0.5λ SPP , the SPPs launched from all the N rows constructively interfere to give rise to a focus at (0, f). In the latter case, f n = f + na 2 , which results in 2N foci for the N-row grooves (N foci on the positive y-axis and N on the negative yaxis). As a consequence of coherent superposition, two focal spots with a large focal depth appeared on the two sides of the PL, which are symmetrical with respect to the x-axis. For the given parameters of M, N, a i (i = 1, 2) and k SPP , the focal positions can be estimated by (0, ± f') = (0, ± (0.89f + 14.3) µm), which was obtained by linear fitting the numerical values as shown in Fig. 2 . Here, we adopted a bifocal PL design with f = 40 µm, which resulted in two foci at (0, ± 50 µm). The resultant pattern of {(m, n)} 1 is shown in Fig. 3(a) . A PAI is capable of transforming a uniform plane light wave into regular arrays of plasmon spots, which is designed according to the plasmon Talbot effect [22] . Figure 3(b) shows the designed pattern of the groove set {(m, n)} 2 of the PAI, of which the unit cell consists of three a 1 × a 2 grooves. The groove set {(m, n)} 2 has a period of 2a 1 in the xdirection and 3a 2 in the y-direction. For an x-polarized incident beam, any two adjacent columns of the PAI will launch a regular array of focal spots with a spacing of 3a 2 in the ydirection and a repeating length of
1/2 in the x-direction, where p is the diffraction order of SPPs at the grooves. The MPM has M/2 periods along the x-direction and the launched SPPs at all periods should constructively interfere. Therefore, a 1 should be carefully chosen. Through numerical calculations, a 1 = 410 nm is found to be applicable. However, the designed MPM has a doubled period of 6a 2 in the y-direction because the designed MPM is the intersection pattern of the groove sets of PL and PAI. As a result, the multiple spots of PAI have a period of 6a 2 = 2.6 µm in the y-direction. Here, the extra phase shift and the scattering loss of SPPs crossing over a single groove are ignored. 
Experiment
A scanning electron microscopy (SEM) image of the fabricated PAI (x-direction)/PL (ydirection) is shown in Fig. 4(a) . The sample was fabricated using a focused ion beam milling system on a 50 nm-thick gold film that was sputtered onto a microscope slide glass substrate. A linear polarized laser beam from a wavelength-tunable CW Ti-Sapphire laser was normally incident upon the sample from the air side. The polarization of the light was tuned using a half-wave plate. The SPP intensity distribution was detected using a leakage radiation microscope (LRM) equipped with a high NA oil-immersion objective (100 × , NA = 1.4), three auxiliary lenses with a focal length of 120 mm, and a charge coupled device. A spatial filter was introduced to filter out the directly transmitted light through the gold film [23] .
For a y-polarized (θ = 90°) incident beam with λ 0 = 873 nm, the LRM image of the SPP intensity distribution are shown in Fig. 4(b) . The SPPs are symmetrically emanating in the vertical direction and they are focused into two focal spots at (0, ± 49µm). The transverse (x) and longitudinal (y) intensity profiles of the upper focus are shown in Fig. 4(c) , which show that the transverse and longitudinal full widths at half-maxima (FWHMs) are 1.3 and 17 µm, respectively, by fitting them to a Gaussian profile. The PL may hold potentials for exotic applications in optical trapping and energy delivering because of its fairly large depth of focus (~20λ SPP ) and the high aspect ratio (~13) of the focus shape. To compare with the experimental results, numerical calculation was performed using Eqs. (1) and (2) with t = 1.0. Figure 4(d) shows the simulated SPP intensity distributions corresponding to Fig. 4(b) . The simulated focal positions are (0, ± 49 µm), which are the same as the experimental results. The simulated transverse and longitudinal FWHMs of the focal spot are 2.0 and 27 µm, respectively, which are slightly larger than the experimental results. The deviations from the experimental results are caused by neglecting the SPP-groove scattering in our model. However, the features in the experimental images are accurately reproduced in the calculated result, which means that the calculation method using the Huygens-Fresnel principle and SPP dipole sources can describe the behavior of MPMs very well and demonstrate the design principle. When the incident laser was switched to x-polarization (θ = 0°) at λ 0 = 830 nm, PAI is activated. The experimental and simulated intensity distributions are shown in Figs. 5(a) and 5(b), respectively. In the x-direction, the plasmon Talbot carpets with multiple focal spots are unfolded with a high contrast. The dashed lines in Fig. 5(a) indicate the positions of three focus arrays at x = −32, −24, and −17 µm. The intensity profiles along these dashed lines are extracted and shown in Fig. 5(c) , which reveals an averaged spot spacing and transverse FWHM of 2.6 and 1.0 µm, respectively. The profile at x = −24 µm undergoes a lateral shift by half a Talbot distance along the y-direction with respect to those at x = −32 and −17 µm. This result is a typical half-period revival phenomenon in the Talbot image. Therefore, the repeating length in the experiment is 15 µm, which is exactly the same as the simulation result. The MPM also functions as a demultiplexing element because the two functions are designed for different wavelengths. To investigate its demultiplexing properties, the experimental results corresponding to the incident light wavelength λ 0 from 800 to 880 nm with a fixed polarization θ = 45° are shown in Fig. 6 . At λ 0 = 830 nm, which is the design wavelength of PAI, only the function of PAI is available. The launched SPPs propagating along the ± y-direction are fairly weak and have no focal spot at all. When the incident wavelength was tuned to 873 nm, which is the design wavelength of PL, two strong focal spots are obtained on the y axis, and the launches of SPPs along the ± x-direction are restricted. Therefore, such a device implements different functions for different incident wavelengths. In addition, the two functions can be also being designed for the same working wavelength by tuning the grid size.
MPM with non-orthogonal outputs
Thus far, we demonstrated an MPM with mutually perpendicular outputs. Essentially, directions of the outputs can be tuned using non-orthogonal grids. To this end, a rhombic grid is employed to implement an MPM with two monofocal PLs operating along the directions of + y axis and [ + 1, + 1]. The design wavelengths are 809 and 873 nm (λ SPP = 793 and 858 nm), respectively. The primitive lattice vector basis a 1 is along + x axis and a 2 along [-1, + 1] with a 1 = 607 nm and a 2 = 561 nm as shown in Fig. 7(a) . The groove set {(m, n)} 1 of the PL along the y-direction is determined by applying Eq. (3) with f n = 52 µm, which corresponds to a focus at (0, 52µm). With a designed focus at R = (37 µm, 37 µm), the groove set {(m, n)} 2 of the second PL could be generated using Eq. (4), 
Conclusions
In conclusion, we proposed and demonstrated a multifunctional and multi-output metaelement for controlling SPPs by using well-designed nonperiodic subwavelength groove arrays. We integrated a PL and a PAI in an MPM with perpendicular output directions. We also show that the directions of the outputs are tunable by simply altering the grid geometry. The agreement between the experimental and simulation results shows the feasibility of the proposed phase-sieve method. The method offers a new way of achieving a high density of functionality and effectively scales down the size of integrated optical circuits.
